arXiv:1507.05576vl [cs.IT] 20Jul2015 


Joint Optimal Number of RF chains and Power Allocation for 

Downlink Massive MIMO Systems 

Rami Hamdi and Wessam Ajib ^ 

^ Department of Electrical Engineering, Ecole de Technologic Superieure 
rami.hamdi.l @ens.etsmtl.ca 

^ Department of Computer Science, Universite du Quebec a Montreal 
ajib.wessam@uqam.ca 


Abstract —This paper investigates the downlink of massive 
multiple-input multiple-output (MIMO) systems that include a 
single cell Base Station (BS) equipped with large number of 
antennas serving multiple users. As the number of RF chains is 
getting large, the system model considered in this paper assumes 
a non negligible circuit power consumption. Hence, the aim of this 
work is to find the optimal balance between the power consumed 
by the RF chains and the transmitted power. First, assuming an 
equal power allocation among users, the optimal number of RF 
chains to be activated is analytically found. Then, for a given 
number of RF chains we derive analytically the optimal power 
allocation among users. Based on these analysis, we propose an 
iterative algorithm that computes jointly the optimal number of 
RF chains and the optimal power allocation vector. Simulations 
validate the analytical results and show the high performance 
provided by the proposed algorithm. 

Index Terffis-Massive MIMO, number of RF chains, circuit 
power consumption, power allocation. 

I. Introduction 

The recent huge increase of utilization of wireless trans¬ 
mission technologies creates the need to innovate and find 
new technologies that offer higher performance. In the fifth 
generation (5G) of cellular networks, one of the main objec¬ 
tives is to increase by several orders of magnitude the rate 
offered by the current cellular systems. Massive multiple-input 
multiple-output (MIMO) system is a new paradigm based on 
the multiplexing of few hundred of antennas serving at the 
same time-frequency few tens of users m, El. This paradigm 
is largely accepted as a candidate for the design of future 
5G cellular networks since it provides several gains, such as 
high throughput El- These gains are obtained while using a 
limited transmission power as well as maintaining a reduced 
complexity of the transmission and receiving systems 0. 

Massive MIMO gains can not be efficiently exploited with¬ 
out adequate allocation of resources. Some previous works 
investigated how to optimize the resource allocation for mas¬ 
sive MIMO systems under different network architectures and 
assumptions. In Q, the authors show that massive MIMO 
technology provides a good trade-off between energy effi¬ 
ciency and spectral efficiency for both prefect and imperfect 
Channel State Information (CSI). This good performance can 
be achieved under simple linear beamformers such as Zero 
Forcing (ZF) and conjugate beamforming. In lb), Q, the 
optimal beam forming vector that maximizes the sum-rate 


under the sum-power constraint is found. Antenna selection 
strategies are investigated for massive MIMO systems in some 
works. In 0, the authors propose a joint antenna selection 
and power allocation technique that maximizes the sum-rate. 
A distributed massive MIMO systems with limited backhaul 
capacity is investigated in Q. The authors propose a joint 
antenna selection and user scheduling strategy. While in ifTOll . 
an efficient algorithm is proposed for downlink massive MIMO 
systems when assuming a limited number of RF chains. This 
algorithm allows to jointly select antennas and schedule users 
with low computational complexity. 

The specificity of massive MIMO systems is the use of large 
number of antennas. As a consequence, there is a significant 
amount of power needed for the operation of RF chains. 
The circuit power consumption is often neglected. Anyhow, It 
has been considered in few previous works im, na. Based 
on ca, it is not true that more RF chains implies always 
higher rate. In this paper, we investigate the optimal number 
of RF chains that maximizes the sum-rate in a massive MIMO 
system. We assume simple random antenna selection in this 
paper. More performant antenna selection schemes will be 
investigated in future works. First, we express analytically 
the optimal number of RF chains in the case of equal power 
allocation among users. Next, we find the optimal power 
allocation vector for fixed number of RF chains. Moreover, 
based on such results, we propose an algorithm that jointly 
computes the optimal number of RF chains and the optimal 
power allocation among users. The proposed algorithm allows 
to find the optimal balance between the amount of power 
consumed by RF chains and the transmitted power. Analytical 
results are validated by simulations. 

In this paper, all power variables are assumed to be unit¬ 
less since they are normalized by the average noise power. 
E{.} denotes the mathematical expectation, [.J denotes the 
floor function, [.] denotes the ceiling function, (a;)'*’ denotes 
max(0,x), (.)^ represents the Hermitian matrix, | . | repre¬ 
sents the Euclidean norm of a vector and || . denotes the 
Frobenius norm of a matrix. 

The paper is organized as follows. In Section II, the system 
model is presented and the problem is formulated. In Section 
III, the optimal number of RF chains is analytically calculated 
when transmit power is assumed equally allocated among 
users. Then, we describe the proposed algorithm that optimizes 


joinly the number of RF chains and power allocation among 
users in Section IV. Numerical and simulation results are 
shown and discussed in Section V. Finally, we conclude the 
main results in Section VI. 


II. System Model and Problem Formulation 
This paper considers the downlink of a single cell massive 
MIMO systems. The base station (BS) is equipped with a 
large number of antennas N serving K single-antenna users 
with N ^ K. Considering only small scale fading and under 
favorable propagation condition, the complex channel gain 
matrix H = [hi, h2,..., Iik], where hk £ is the 

slow fading channel vector for user k, is assumed to be 
quasi-static independent and identically distributed (i. i. d.) 
complex Gaussian random variables with zero mean and unit 
variance. The noise is assumed to be additive Gaussian random 
variable with zero mean and unit variance. We consider that 
the BS knows perfectly the Channel State Information (CSI). 
The beam forming matrix is W = [wiW 2 ...wk], where 
Wk £ is the k*^ beam forming vector for user k. 

The vector p = [piP 2 ---Pk] is assumed to present the values 
of power allocated to users. The received downlink vector of 
signals can be expressed as 


y = iTx-f n, 

where the transmitted signal is given by 


( 1 ) 


x= Wdiag{y/p)s, (2) 

where s is the data symbol vector with unit energy. The signal 
received by user k can be written as 


K 

Uk = V^kWkSfc + ^ V^kWiSi -f rifc (3) 

Without loss of generality, we consider conjugate beam- 
foming pre-coder because of its great performance and low 
complexity. Moreover, it is shown that conjugate beamforming 
achieves high spectral efficiency ifTSll . The Zero Forcing (ZF) 
and Regularized Zero Forcing (RZF) can be considered in 
future works. Hence, the conjugate beamforming matrix is 
given as W = / || ||f. The received SINK for 

user k is expressed as 


SINRk = 


Pfe 

V 


hkhk^ P 


t I hkhi^ 


+1 


where p =|| |||,. 

The rate for user k is given as 


(4) 


Rk=log^{l +SINRk) (5) 


Pmax denotes the maximum power available at the BS. So the 
circuit power constraint can be expressed as 

N 

Pout T ^ ^ ^ n-Pc Si Pmax (6) 

n —1 

where is an antenna coefficient that is set to 1 if antenna 
n is selected and to 0 otherwise. Hence, Pout, the output 
transmitted power, is given by 


K 

Pout — 'y ^ Pk (7) 

The circuit power consumption causes that the achieved 
rate is not necessarily maximized when all the RF chains 
available at the transmitter are activated El- Hence, the 
optimal number of RF chains that maximizes the sum-rate 
should be derived. Moreover, the main problem is to hnd 
the optimal balance between the portion of power consumed 
at the RF chains and the portion consumed for transmitting. 
Hence, the optimal number of RF chains and the optimal 
power distribution among users have to be jointly derived 
to achieve the maximum average sum-rate. The sum-rate is 
averaged over H realizations. The problem can be formulated 
as 


K 

maximize i? = E|> Rk} 

p , ctn ' n — l..N 

/c=l 

K N 

subject to E Pfc + ^ an-Pc < Pm ax -! 

k^l n^l ^ ^ 

N 

CTn > Ff, 

n—1 

an £ {0, l},n = 1..N. 

The objective function is non-convex due to the multi user 
interference. Hence, the formulated problem is non-convex and 
water filling is not the optimal strategy for power allocation 
among users iflTll . In the next section, the problem given 
in ([8]) is simplified. The sum-rate is approximated when the 
transmit power is equally allocated among users and the 
optimal number of RF chains is given. 

III. Optimal Number oe RF Chains when Equal 
Power Allocation 

In this section, equal power allocation among users is 
assumed and hence pk = Pout/K,k = 1 ; K. The aim is 
to hnd the optimal number of RF chains that maximizes the 
system sum-rate for random antenna selection. Let S denotes 
the cardinal of the set of selected antennas 


Now, we introduce the circuit power consumption model as 
in m, HI. Let Pc denotes the amount of power consumed 
at each RL chain (Digital to Analog Converter (DAC), mixer, 
frequency synthesizer, hlter). The value of pc is assumed 
independent from the output transmitted power pout m- Let 


N 

S ='^ an (9) 

n—1 

The sum-rate using conjugate beamformer precoding is 
asymptotically approximated in a, HI. When K,S^oo, 



the multi user interference term is approximated by its expec¬ 
tation as 


1 ^ 

- ^ |hkhi^|2f«E{|hkhi"|2} = ^ (10) 

Also E{| hkhk^ P} = 5^ and the term rj can be approxi¬ 
mated as 77 =11 IIInRi K.S as in fH. The approximations 
are validated by simulations in Section V. So, the average 
SINRk for any user k (where fc = 1 , K) over the channel 
realizations is approximated as 


SINRk ->■ 



Pout T ^ 


( 11 ) 


It is to be noted that the average SINR is the same for all the 
users. By replacing the circuit power consumption constraint, 
we obtain the sum-rate averaged over the channel realizations 
as a function of the total power Pmax^ the fixed consumed 
power Pc, the number of users K and the number of selected 
antennas S 


R = K. log2 


(l + max S-Pc) \ 

V K{pmax - S.Pc + K ) J 


( 12 ) 


The average sum-rate is a concave function since the second 
order derivative is negative ^ optimal number 

of RF chains that maximizes the average sum-rate is given by 


S* = argmax_g(ii), 0 < S* < Pmax/Pc (13) 

where [pmaa;/PcJ represents the maximum number of RF 
chains that can be supported by the system due to circuit power 
constraint. Then, the optimal number of RF chains is derived 
as 


S* = 


lx\ if or [ccj = lPmax/Pc\ 

[a:] otherwise 


(14) 


where 


Pmax “t” ^ 's/^-{P max + K) 

X — < Pmax/Pc (13) 

Pc 


The optimal number of RF chains allows to determine the 
amount of power consumed at the RF chains. Hence, the 
output transmitted power can be derived and the transmitted 
power for each user is expressed as 


Pmax S .pc 



(16) 


power allocation among users. So, the proposed algorithm 
ends when the sum-rate starts decreasing. Then, the optimal 
number of RF chains is derived with corresponding optimal 
power allocation. 

Since the power is not allocated equally to users, the 
approximation in (fTOl i cannot be any more used. In this 
case, we make use of the approximation of the multi user 
interference term by its expectation. When K, S —> 00 , the 
interference term is approximated as in Ea 


K 


Y, I h^h." E{ 


K 


Pi 




V 


i—l,i^k 




K 


(17) 


h. 

K 


= E 

i—l,,i^k 

This approximation is validated by simulations in Section 
V. The SINRk for user k can be expressed as 


SINRk 


__ 

S{Pmax - S.pc -Pk+ K) 


(18) 


where /3^ =| hkhk^ p. 

The original problem in ([ 8 ]l becomes concave since the 
second order derivative is negative 


SINRk 2Pl{pmax - S.Pc + K) 

dpi S{pmax - S.Pc-Pk + K)^ 

Here, the aim is to find jointly the optimal number of RF 
chains and power allocation among users. For a given S, the 
problem given by ® becomes 


K 


maximize 

p 


^ = E ( 1 + 


/c=l 


PkPl 


S(pmax - S.pc -Pk+ K) 


K 


subject to E Pk + S.pc < Pm a 




( 20 ) 

The associated Lagrangian optimization problem is ex¬ 
pressed as 


K / 

L{{Pk},p) = ^log2 ( 1-f 

A .-1 ^ 


PkPl 


S{pmax - S.Pc - Pk+ K) 
+p['^Pk+ S.Pc - Pmax 


\k=l 


( 21 ) 


IV. Joint Optimal Number of RF Chains and Power 
Allocation 

In this section, we derive jointly the optimal number of RF 
chains and the power allocation among users that maximizes 
the system sum-rate. An iterative algorithm is proposed, at 
each iteration for a fixed number of randomly selected anten¬ 
nas, the proposed iterative algorithm computes the optimal 


By taking the derivative of the above with respect to pk, 
we can obtain the Karush-Kuhn-Tucker (KKT) system of the 
optimization problem 


pUS - Pi) + PkaiPl - 2.S) 


+Sa^ + 


lii(2)p, 


= 0 


( 22 ) 

















where a = Pmax - S.pc + K. 

The proposed algorithm solves Ea. (l22l) at each iteration for a 
fixed number of RF chains S and computes the corresponding 
optimal power allocation vector among users. The convergence 
is obtained when the sum-rate starts decreasing {Rs < Rs-i)- 
The convergence point exists since the sum-rate is a concave 
function, the second order derivative is negative < 0. 

Hence, the proposed algorithm enables to derive the optimal 
number of RF chains, the optimal power distribution among 
users and the maximum achieved sum-rate. 


Algorithm 1 Optimal number of RF chains and power allo¬ 
cation algorithm 

1: 

for 5 = 1 

• 1 Pmax /Pc 1 do 


2: 


hkhk^(5) P,fc = l : 

K 

3: 

a ^ Pmax - S.Pc + K 


4: 

Afc -t— 

a^(/3l-2S)^-4.iS- 



1 : K 

f ai2S-l3l) + V^\ + 

1 2(S-/3-i) i - 

5: 


Pmax S.pc ^ find p, 


by bisection method 


6: 

Pk ^ 

f a(25— + Afc ^ 
2(3-131) ) 

= 1 : K, power alloca- 


tion 



7: 

Break 

If Rs < Rs-i 


8: 

end for 




V. Numerical Results 

In this section, monte carlo simulations are done to validate 
hrst the analytical results under equal power allocation as¬ 
sumption. Then, we present numerical results for the proposed 
algorithm that jointly computes the optimal number of RF 
chains and power allocation. 

We consider that the BS is equipped with 256 antennas 
serving 10 users. The consumed power at each RF chain is 
set to 0.05. 

Fig. □ shows the sum-rate averaged over 1000 channel 
realizations in function of number of transmit RF chains 
with conjugate beamformer precoding and under equal power 
allocation for different available power at the base station. 
Simulation results conhrm the analytical approximation of the 
sum-rate with conjugate beamformer precoding. Also, we can 
observe the optimal number of RF chains that maximizes the 
average sum-rate under equal power allocation for different 
values of the maximal available power at the base station 

Pmax - 

In Fig. 12] we see the optimal number of RF chains in function 
of the maximal available power at the base station Pmax 
under two scenarios: equal power allocation and the proposed 
algorithm. First, we conhrm that analytical expression of the 
optimal number of RF chains under equal power allocation 
hts with simulation results. Next, we can observe the optimal 
number of RF chains computed by the proposed algorithm 
when making optimal power allocation. As we see in Fig. |2| 
we need less number of RF chains when distributing the 
power optimally among users. Hence, the power consumed 



Fig. 1. Average sum-rate under equal power allocation. 


at the RF chains signihcantly decreases. So, the proposed 
algorithm offers more available transmitted power for the base 
station which increases the sum-rate and improves system 
performance. Also, we can observe that the optimal number 
of RF chains under the two scenarios linearly increases. 



Fig. 2. Optimal number of transmit RF chains. 


Fig. [ 3 ] shows the obtained average sum-rate under the pro¬ 
posed algorithm as a function of the number of RF chains. It is 
clear that the achieved sum-rate under the proposed algorithm 
is signihcantly higher than the sum-rate obtained under equal 
power allocation. We have seen the optimal number of RF 
chains needed for transmission is less when distributing the 
available power optimally among users. From the circuit power 
constraint, we deduce that there is more available transmitted 
power from the base station which increases signihcantly the 
achieved sum-rate. 

Finally, the impact of the number of users K on the system 
performance is investigated under equal power allocation and 
optimal power allocation in Fig. |4| The analytical approxima¬ 
tions of the average sum-rate under equal power allocation hts 
with the simulation results as K is getting large. The sum-rate 























Fig. 3. Average sum-rate using the proposed algorithm. 

decreases because of the multi user interference that exists in 
conjugate beamforming. Also, the optimal number of users 
K that maximizes the sum-rate can be observed. It increases 
when the available power at the BS Pmax increases, there is 
more available power to serve a larger number of users. The 
optimal number of users K that maximizes the sum-rate, is 
the same for both equal power allocation and optimal power 
allocation, but the sum-rate is higher when distributing the 
power optimally among users. 



Fig. 4. Impact of the number of users K on the system performance (64 
RF chains). 

VI. Conclusion 

This paper takes into consideration the circuit power con¬ 
sumption when investigating the downlink transmission in 
massive MIMO multiuser systems. It conhrms hrst the hy¬ 
pothesis that the maximal achieved sum-rate is not obtained 
when using all the available RF chains. Hence, under equal 
power allocation we derive analytical expression of the opti¬ 
mal number of RF chains that maximizes the average sum- 
rate over channel realizations. Simulation results validate the 


analytical approximation of sum-rate and the expression of 
optimal number of RF chains. Then, we propose an algorithm 
that jointly computes the optimal number of RF chains and 
distributes the available transmit power optimally among users. 
Simulations show again that this algorithm allows the base 
station to use less number of RF chains, so it provides more 
available transmitted power and achieves high sum-rate. 

This paper considers the conjugate beamforming precoding 
while other beamforming schemes could be also considered. 
For instance, ZF and regularized ZF will be considered in 
future work to investigate the impact of beamforming scheme 
on the optimal number of RF chains. Also, this paper assumes 
a random antenna selection, whereas a more adequate antenna 
selection would greatly improve the performances. Antenna 
selection will certainly impact also the optimal number of RF 
chains to be activated. Optimal antenna selection and heuris¬ 
tics will be proposed in future works. A joint optimization 
of power allocation, antenna selection under circuit power 
consumption model will also be investigated. 
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